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Abstract 
A mathematical model was developed that calculates fluoride 
evolution from aluminum reduction cells as a function of bath 
temperature, bath composition, water content of alumina, and anode 
hydrogen content. This model uses both theoretical concepts and 
the results of measurements on experimental cells as a basis for 
the model equations. Different hypotheses "for fluoride evolution 
mechanisms were investigated and alternative ways to express these 
mechanisms developed. These include: use of vapor pressure data 
of either Kuxmann and Tillessen or Vajna and Bacchiega to model 
vaporization of bath, using percent of entrainment value of Haupin 
or Less and Waddington, assumption of HF generation by atmospheric 
moisture entering the cell, use of kinetic factor for HF generation 
by anode hydrogen, and determination of whether water contained in 
feed alumina reacts to form HF to the extent of a constant value of 
0.1 weight percent water or 5 percent of water content upon enter- 
ing the bath. 
The model was tested by comparing the results to values calcu- 
lated from regression equations derived from 3 sets of experimental 
measurements. These results show that the optimum correlations 
exist when the vapor pressure data of Kuxmann and Tillessen, the 
use of a kinetic factor for anode hydrogen, and assumption of 
alumina water reacting to the extent of 5 percent are used in the 
1 
model. No conclusion could be drawn as to the optimum entrainment 
figure. The results also indicate that the optimum correlation 
resulted from not using the atmospheric moisture mechanism for HF 
evolution, but that this mechanism appears to be a significant 
mechanism for HF evolution. 
Introduction 
The Operation of the Aluminum Reduction Cell * 
Virtually all of the aluminum metal commercially produced 
today is made by electrolytic reduction of alumina with the Hall- 
Heroult cell.  Essentially the process can be described as the 
reduction of aluminum oxide in solution by carbon, the driving 
force for the reaction being provided by the cell potential.  The 
electrolyte used is cryolite (Na-AWV) which has the unique 
property of being able to dissolve up to about 11.5 weight percent 
alumina, and thus makes the process feasible. 
The reduction cell is construeted"of an insulated steel box 
lined with carbon, providing a container for the highly reactive 
cryolite and acting as the cathode for the cell." Carbon anodes are 
suspended above the cell on steel bus bars. The carbon anodes are 
normally consumed at a rate of^about 2.5 cm. per day and therefore 
a mechanism must exist for their replenishment.  One method is to 
use replaceable carbon blocks, formed and prebaked in a furnace, 
which are renewed as needed. Normally about 24 to 26 of these 
anodes per cell are used. An alternative method, more popular in 
Europe, is the Sttderberg electrode, which consists of a container 
open at top and bottom, into which carbon paste is fed continuously. 
The paste is baked by the heat of the cell and thus the anode feeds 
continuously. 
The cell normally operates at a temperature of about 1230K. 
During normal operation the bath material on the top of the cell 
3 
solidifies and forms a crust over the cell. The alumina feed to 
the cell is charged on top of the crust. In order to keep the cell 
alumina concentration at the normal value of 4 to 5 weight percent, 
the crust is broken periodically and the alumina stirred into the 
bath.  If the alumina concentration is allowed to get too low 
(below about 2 percent) the so-called "anode effect" occurs. At 
this concentration a film of fluorine gas forms around the anode 
which increases the cell resistance and causes a dramatic increase 
in cell voltage.  The anode effect is extinguished by breaking the 
crust and stirring in alumina. 
The bath used in the cell is generally not pure cryolite but 
usually contains excess aluminum fluoride and other additions in- 
cluding calcium fluoride, magnesium fluoride, and other halide 
salts which are added principally to lower the bath melting temper- 
ature and adjust cell conductivity.  The amount of aluminum fluo- 
ride present is usually expressed as "cryolite ratio" defined as 
the ratio of mole fraction sodium fluoride to mole fraction alumi- 
num fluoride, cryolite being treated as though it were dissociated 
completely.  Thus pure cryolite has a cryolite ratio of 3.0. 
The aluminum metal produced is heavier than cryolite and 
collects at the bottom of the cell.  It is siphoned from the cell 
at periodic intervals. 
From the reduction of alumina by the anode carbon, carbon 
dioxide gas is produced which bubbles up to the cell surface and 
escapes through holes in the crust.  Some carbon monoxide is usually 
4 
produced by secondary reactions that reduce some of the carbon 
dioxide.  For a normal cell efficiency of 85 percent (85 percent of 
the theoretical aluminum production predicted by Faraday's law) 
approximately 0.4 kg of anode carbon is consumed and 732 liters of 
C0_ and CO gas produced for each kilogram aluminum produced. 
Fluoride Evolution Mechanisms 
During electrolysis, in addition to the CO and C0_ gas given 
off, fluoride-containing fumes are evolved.  This evolution of fumes 
has been a concern of aluminum producers due to employee health 
hazards, environmental standards, and resulting operating problems. 
Several studies have been made of the nature of the fluoride 
2 3 fume. '  It has been found to consist of a gaseous component, 
mostly HF with some CF, and other fluorides, and a particulate 
component made up of several solid fluoride species, mostly NaAtF, 
and cryolite. This describes the fluoride fume at the point of 
leaving the cell.  The types of fumes and their proportions may be 
altered by secondary reactions once the fumes leave the cell. 
These secondary reactions, however, do not alter the overall fluo- 
ride balance and therefore will not be considered in this report 
except as they affect interpretations of measurements made of fluo- 
ride evolution in operating cells. 
Three principal mechanisms for fluoride evolution have been 
proposed by investigators to account for these various types of 
fumes: 
1. Vaporization of the fluoride containing electrolyte 
components and subsequent entrainment of the vapor in 
5 
^ 
the anode gas. 
2. Entrainment of particles of the electrolyte in the anode 
gas. 
3. Formation of fluoride gases (primarily HF) by reactions 
within the cell. 
Each of these mechanisms will be discussed individually in the suc- 
ceeding sections. 
Vaporization Mechanism 
The vaporization mechanism has been extensively investi- 
gated and is thought to be well understood.  In melts of NaF-AtF~ 
4 
mixtures, the vapor species have been found to consist of sodium 
tetrafluoroaluminate (NaALF,) with smaller amounts of another compo- 
2 5 
nent with a heavier molecular weight. Many researchers ' have con- 
cluded this component is the dimer Na At_FQ although this has been 
disputed due to possible discrepancies in the dimerization assump- 
tion. However, the discrepancies could be due to experimental 
error and the calculations of fluoride content of the vapor could 
be affected little by a variation in the assumption of a different 
type of heavier molecule (for example, NaAt_F_ has been suggested ) 
since the dimer component is relatively small to begin with.  There- 
fore for this model the volatile components were assumed to be 
NaAtF. and Na0At0FQ. The concentration of these components in the 4-      z / o   ._,„j 
anode gas can then be determined from the calculated equilibrium 
vapor pressures. 
Entrainment Mechanism 
The mechanism of entrainment of bath particles is the 
6 
least understood of the mechanisms.  Less and Waddington, upon 
investigating the composition of dust contained in unburned cell 
fumes, found that the dust was composed of a fine and a coarse 
fraction. Unburned refers to the fact that the fumes were collected 
directly from cell openings with little opportunity for reaction 
with air or atmospheric moisture to occur. The fine fraction is 
composed of chiolite (Na_AL_F.., ) which is the condensed form of 
the vapor above molten cryolite, NaAtF, being unstable below about 
973 K.  The coarse fraction is principally composed of cryolite, 
alumina, and carbon particles.  Since a vapor of the composition 
Na„AtF, has not been observed (NaAtF, being the observed vapor 
phase as previously noted) it appears that these components must 
originate directly from the cell.  It is theorized that cell gases 
formed at the anodes bubble through the bath and droplets are 
formed as the bubbles break the surface. These droplets are then 
carried upwards in the air stream from the cell. This would ac- 
count for the particles observed. The only other likely source for 
cryolite would be the hydrolysis of NaAtF, vapor as in the reaction: 
NaMF4(g) + H20(g) = -| Na3AtF6 (s) + j ^2°3  (s) + 2 HF(g) but since 
the measurements of Less and Waddington were made on unburned fumes 
with little opportunity for contact with air and subsequent reac- 
tion, it seems to be a reasonable assumption that the relative pro- 
portions of fluorides in fine and coarse dust represent fume evo- 
lution from bath vaporization and bath entrainment respectively. 
In addition to Less and Waddington, other workers have 
made estimates of fluoride evolution due to entrainment by measuring 
7 
the components given off. A different technique which may hold 
promise for future more accurate measurements of entrainment in- 
g 
volves analysis of calcium content of the particulate fume.  These 
various estimates of entrainment are summarized in Table 1: 
TABLE 1 
Fluoride Evolution Attributable to Entrainment 
Percent of 
evolution due      Basis of 
Investigator     Ref.    to entrainment     analysis 
Less and Waddington 7 17 - 23% cryolite content 
Miller 9 10 - 20% cryolite content 
Haupin 8 6 - 7% calcium content 
Andes, Bjorke, 
and Farrier 10 29% cryolite content 
From what is already known of the entrainment mechanism, 
a variation of entrainment with cell parameters such as temperature 
U 
and composition might be expected. Workers at Alcoa have qualita- 
tively observed increasing entrainment with increasing alumina con- 
centration.  Studies of entrainment in chemical engineering pro- 
12 
cesses  show that entrainment varies approximately as the cube of 
gas velocity for entrainment ratios (kg. liquid entrained/kg. vapor) 
at the level found in aluminum cells.  The same work also notes that 
entrainment varies with the surface tension of the liquid. Exten- 
sive data for the surface tension of cryolite baths and their vari- 
13 
ation with cell parameters are available  from which can be pre- 
dicted qualitatively a variation of entrainment with cryolite ratio, 
8 
temperature, and bath additions. However, at the present time no 
quantitative data exists that shows the variation of fluoride fume 
entrained with variations in cell parameters. This matter will be 
dealt with further upon development of and discussion of the fluo- 
ride evolution model. 
HF Evolution Mechanisms 
During normal cell operation (outside of "anode effects") 
roughly one-third of the fluoride evolution is accounted for by 
hydrogen fluoride generation within the cell. This generation ap- 
pears to be due to reactions between hydrogen and the fluoride 
constituents of the bath, such as cryolite and aluminum fluoride. 
Several sources have been proposed for the hydrogen that takes part 
in these reactions. Water vapor from the potroom atmosphere, water 
contained in the alumina feed to the cell, and hydrogen contained 
in the anodes are three that are considered the principal sources. 
HF evolution due to potroom moisture is the first mechanism 
to be considered. This moisture presumably is carried into the cell 
by air being drawn under the crust. At first it might seem doubtful 
that air would be present in much quantity underneath the cell crust. 
14 However, measurements by Henry  indicate that nitrogen and argon 
are present in the anode gas in proportion to their concentration in 
the atmosphere which suggests some air does enter the cell and there- 
fore there is an opportunity for atmospheric moisture to react. 
So far experiments to investigate this hypothesis have 
14 been inconclusive. Henry  conducted measurements of HF evolution 
from experimental cells over the course of several weeks. His data 
9 
taken over a range of humidity values showed no significant correla- 
tion between humidity and HF evolution. However, before rejecting 
this mechanism, it should be noted that the range of humidity values 
was small and if fluoride evolution by this mechanism was signifi- 
cant but small, a correlation could easily be masked by variations 
in other cell variables or experimental error. Henry demonstrated 
that the latter could be 10 percent by making two separate sets of 
readings on cells running under similar conditions.  Therefore this 
mechanism should still be considered significant until further ex- 
perimental work demonstrates otherwise. 
The alumina feed is another possible source of water. 
Alumina is charged to the surface of the cell where it remains on 
the crust until the crust is broken and the alumina stirred into 
the bath. According to Henry's data  for moisture loss of alumina, 
the water content should be at 0.2 to 0.5 weight percent before 
break-in. However, if all of this water were to react, the HF 
evolution would be far in excess of that measured. 
14 Some experiments by Henry  provide some theories to 
account for this fact. When samples of alumina of varying water 
content were fed directly into the bath, about 5 percent of the 
water reacted to form hydrogen fluoride. However, when samples of 
alumina of varying water content were fed onto the crust in the 
usual way, the evolution remained essentially constant at a value 
that would be the equivalent of 0.1 weight percent water in the 
alumina completely reacting. Henry warns that these data are only 
accurate within 10 percent, an accuracy that could mask differences 
10 
in evolution due to water content if only 5 percent of the water 
reacts. For example, a water content of 0.1 weight percent would 
then contribute 0.2 g. HF/kg At while alumina of 2.0 weight percent 
would contribute 4 g. HF/kg At. An error of 10 percent would repre- 
sent 2 g./kg, a large enough error to mask this contribution.  There- 
fore, it is possible that a variation of fluoride emission with 
varying water content of alumina feed does exist. 
The last source of hydrogen to be considered is adsorbed 
hydrogen or hydrocarbons within the carbon anodes. A direct re- 
action of this hydrogen with the melt to produce HF is not thermo- 
dynamically feasible. However, the hydrogen could be oxidized to 
water, which would then react as previously discussed. Two water 
formation reactions have been proposed. Kostyukov  proposed the 
reaction 
H2(g) + C02(g) = H20(g) + C0(g) AG°30()OK = -6028 j/mole 
2 
However, Grjotheim argues that this reaction may not occur due to 
electrostatic repulsion between C0~ gas bubbles and the anode sur- 
face, where this reaction would be.likely to take place. He pro- 
poses as an alternative that hydrogen is electrochemically oxidized 
to water, the cell potential of a typical pot cell being sufficient 
to drive this reaction.  Since this reaction would involve an oxide 
ion such as an ion of alumina or one of its complexes, the kinetic 
barrier proposed by Grjotheim for Kostyukov's reaction would not 
exist here. At present there is insufficient evidence to support 
any particular mechanism for the oxidation of hydrogen. However, 
14 data from Henry  indicates that kinetics have to be considered 
11 
since his experiments appear to show that about one-half of the 
available hydrogen reacts to form hydrogen fluoride.  This factor 
will be discussed in more detail when the development of the fluoride 
model is dealt with. 
Work Done to Date on Fluoride Evolution 
Until now, previous attempts to model fluoride evolution have 
been primarily empirical correlations of fluoride evolution data as 
a function of cell parameters.  The lack of attempts to model evolu- 
tion on a theoretical basis is undoubtedly a result of the complexity 
of the process and.the difficulty of procuring reliable data due to 
the complexity of the cryolite-alumina system and the proprietary 
nature of many industrial operations. 
The first comprehensive attempt to study fluoride evolution was 
14 by Henry  who published a study in 1963 conducted using 10,000 am8- 
pere experimental cells.  One result of his work was a correlation 
of fluoride evolution as a function of temperature, cryolite ratio, 
and alumina concentration. 
The first generally available correlation of fluoride evolution 
3 
in industrial cells was that of Solntsev published in 1967 which 
gives evolution measured in Russian industrial cells as a function 
of temperature and cryolite ratio. The equation developed from his 
data is: 
279 
WFSOL = ——2 + °-047   (T~ 273>   " 61 
(CRATIO) 
The symbols used here and throughout this report are identical to 
those used as FORTRAN variable names in the model. A table of these 
12 
symbols is reproduced in Appendix 1. 
An attempt to look at the mechanisms causing fluoride evolution 
2 
was made by Grjotheim, Kvande, Motzfeldt, and Welch.  Their survey 
paper includes a modelling of the evolution of fluoride due to 
vaporization of the bath and a discussion of other mechanisms. 
It would then appear that a next step in the study of fluoride 
evolution would be to try to use known theoretical concepts along 
with experimental measurements to create a more comprehensive model 
that would go beyond the empirical correlations.  This leads to the 
purpose of this work which, it is hoped, will make a modest start 
toward this next step in fluoride evolution studies. 
Objective 
The objective of this project is to develop a mathematical pro- 
cess model that will express fluoride evolution as a function of 
several important cell parameters.  These parameters include 
bath temperature 
bath composition - includes: 
cryolite ratio (moles NaF/moles ALF-) 
alumina content 
CaF„ content 
water content of alumina 
anode hydrogen content 
The theoretical considerations discussed in the introduction 
together with available experimental measurements are used to develop 
the mathematical relations used. This process model, referred to in 
13 
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this work as FLORIDE, is written in FORTRAN IV and is designed to be 
compatible with available cell models. A source listing for this 
model is included in Appendix 2. 
In addition to the development of the model itself,  the objec- 
tives include: 
1. Investigating different proposed theories for the 
fluoride evolution mechanisms and alternative ways 
to express the mechanisms to determine the optimum 
algorithms for the model. 
2. Investigating the state of the art in modelling fluoride 
evolution and suggesting areas for further investigation 
that would allow a more accurate and comprehensive model 
to be constructed. 
Source of Experimental Data 
At the present time,  few comprehensive measurements of fluoride 
evolution as a function of cell parameters exist in the literature. 
However, at least 3 mathematical correlations do exist that can be 
used as a basis of comparison, keeping in mind that use of these equa- 
tions involves a loss in accuracy over actual experimental data points. 
3 
The first is Solntsev's correlation previously cited.  It is limited 
due to the fact that it only includes temperature and cryolite ratio 
Q 
as variables. A more comprehensive correlation is that by Haupin of 
Alcoa which includes temperature, cryolite ratio, percent water in 
alumina, anode hydrogen content, atmospheric humidity, and bath alumina 
content. Although Haupin's correlation includes all of the variables 
14 
(except calcium fluoride content) that are included in the model,.it 
is limited by being only a linear regression with a multiple correla- 
2 
tion coefficient r of 0.58 (corrected for 11 degrees of freedom). 
This value of correlation coefficient indicates a fair amount of scat- 
ter in the data, which is to be expected since these measurements were 
made on industrial cells in normal operation, far removed from the 
ideal laboratory situation. This must be taken into account when 
using this equation as a basis for comparison. The same paper by 
14 Haupin also includes a correlation of Henry s data  which gives 
fluoride evolution as a function of temperature, cryolite ratio, alu- 
mina concentration, and water content of alumina.  It should be noted 
that the data for this correlation were taken on an experimental lab- 
oratory cell and although this may have resulted in more accurate 
measurements than are possible in measurements on industrial cells 
(such as the measurements by Solntsev and Haupin), the correlation may 
not be totally representative of behavior to be expected in industrial 
practice, since other factors such as size, magnetic effects, current, 
etc. may affect the outcome. Therefore all of the above correlations 
have their drawbacks and it is hoped that in future actual "hard data" 
will be available to give a better comparison for future modelling 
efforts. 
15 
Procedure 
It is evident from the previous discussion that fluoride evolu- 
tion is dependent upon several cell parameters including bath compo- 
sition and temperature. These in turn normally vary during the cell 
operation due to the reactions within the cell to produce aluminum 
metal and byproducts, periodic additions of alumina and other bath 
materials, and variations brought about by changes in operating 
conditions, such as the anode effect. Therefore, an ideal way to 
provide realistic inputs to FLORIDE would be to use a dynamic model 
of the aluminum cell to generate values for the bath temperature, 
composition, and other parameters.  Unfortunately, at this time, no 
generally available dynamic cell model exists that could be used for 
this project. However, FLORIDE is written so that if such a model 
became available, it would be a simple matter to link the fluoride 
model to it. 
Since such a model is not available at the present time, it was 
decided to use a simpler static model of the cell in which tempera- 
ture and composition remain constant over time.  This model would 
calculate the parameters of anode gas evolution rate and anode con- 
sumption, which are inputs to FLORIDE. 
Static models available include a model developed by Revere 
16 
Copper and Brass,  and a more theoretical model developed by 
Morris. The former was chosen for this project because it is the 
most complete and is available in the literature in the detail nec- 
essary to be put on the computer with a minimum amount of work. 
The equations given by Richard for bath conductivity and heat 
16 
losses were used to calculate the total heat loss from the bath. 
Current efficiency was then calculated using an iterative technique 
that used heat loss, reaction voltage, cell voltage, and bath con- 
ductivity. Most of these equations were from Richard's work, except 
18 
that a formula from Berge, Grjotheim, Krohn, Neumann, and T^rklep 
was used to calculate an initial guess for current efficiency. Moles 
of anode gas and anode consumption were calculated using the equa- 
tions : 
At203+|c = 2At  +f C02 
3(1 - CE)C02 + 2(1 - CE)At = (1 - CE)At203 + 3(1 - CE)CO 
to derive the following relations: 
NANGAS = 27.7984/CE 
ACONS = 0.333887/CE 
This then provides the fluoride model, subroutine FLORIDE, all 
of the cell variables that are needed to calculate fluoride evolu- 
tion. Temperature and bath composition are also passed from the cell 
model. Although in this particular cell model they are fixed for a 
given run, this would allow them to be varied if a dynamic cell model 
were substituted without requiring a change of subroutine FLORIDE. 
Development of the Fluoride Evolution Model 
FLORIDE is a subprogram that generates a value for cell fluoride 
evolution (in grams fluorine per kilogram aluminum produced) using 
equations based upon the mechanisms discussed in the introduction. 
These mechanisms are divided into 3 types--bath vaporization, bath 
entrainment, ancf^HF generation mechanisms--and are discussed separ- 
ately in the following section. 
17 
Vaporization 
The modelling of fluoride evolution due to vaporization of 
bath is straightforward. Each mole of gas evolved from the cell is 
assumed to contain an amount of fluoride vapor equivalent to its 
equilibrium partial pressure. This is reasonable since the gas is 
bubbled through the electrolyte and under a crust of frozen electro- 
lyte thus allowing ample opportunity for saturation.  The moles of 
gas evolved per kilogram aluminum produced is obtained from the cell 
model. The equilibrium partial pressure of vapor above the melt 
must then be calculated. 
As previously mentioned, the vapor species above molten NaF- 
ALF~ mixtures is believed to be predominantly NaAtF, with smaller 
1-9 
amounts of Na_AL~Fo dimer.  Kuxmann and Tillessen  made measure- 
ments of vapor pressure above NaF-ALF„ mixtures of varying compo- 
sition. These data are among the more recent and appear to agree 
20 21 22 
well with measurements made by others.  '  '   Their data were 
fitted to curves of the form: 
log10 P = - A/T + B 
The coefficients A and B are given for several compositions of the 
mixture.  These data are reproduced in Table 2. 
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TABI£  2 19 
Vapor Pressure above NaF-ALF_ Mixtures  (in Pascals) 
log1()P = 133.322  (-A/T + B) 
Concentration 
Weight 
NaF 
Percent 
ACF3 
60 
Cryolite Ratio 
Moles NaF/Moles AtF3 
3.00 
Constants 
A             B 
Temp. Range 
Kelvin 
40 10399 8.695 1281 -  1473 
42 58 2.76 10107 8.569 1281 -  1473 
50 50 2.00 9491 8.478 1218 -  1473 
60 40 1.34 8842 8.304 995 -  1473 
66.7 33.3 1.00 8568 8.247 1152 -  1473 
70 30 0.86 8239 8.175 1290 -  1473 
In order to transform this table to a form more suited to the model, 
23 the values for A and B were fitted to a least squares line,  as a 
function of cryolite ratio, with the following results: 
A = 950.86 (CRATIO) + 7537.4, r2 = .9929 
B = 0.21974 (CRATIO) + 8.0099, r2 = .9774 
This then gives an expression for vapor pressure as a function of 
temperature and composition of the mixture in terms of cryolite ratio 
(moles NaF/moles ALF-)• What remains is to convert from concentra- 
tion of fluoride vapor to grams of fluorine per kilogram of aluminum 
produced. This requires knowledge of the composition of the vapor. 
Using the assumption of a vapor primarily composed of NaAiF, with 
smaller amounts of Na~At9F_ dimer, the atoms of fluorine per mole 
fluoride vapor would be 4(1 + FDIMER) where FDIMER is the atomic 
fraction of the dimer. The equilibrium constant for the monomer- 
dimer reaction: 
19 
2 NaAtF4 = Na-At-F- 
has been expressed by the following relation: 
log1()(KVAPR) = 9300/T -5.9 
if FDIMER = pd/PVAFR and KVAPR = pd/(PVAPR-pd>2 where p is the 
partial pressure of dimer, then 
KVAPR = (PVAPR)(FDIMER) 
[PVAPR-(PVAPR) (FDMER)] 2 
Solving for FDIMER yields 
_____  _ 2(KVAPR) (PVAPR)  + 1  - /4(KVAPR) (PVAPR)  +"T 
FDjmR
 ~ 2 (KVAPR) (PVAPR) 
The fluoride evolution due to bath vaporization is then given by: 
WFVAPR = (FVP)(PVAPR)(NANGAS)(1 + FDIMER)(75.99) 
FVP is a factor for vapor pressure to allow for the fact that alumina 
and calcium fluoride are present in the bath thus lowering the vapor 
14 
pressure. From Henry's data  on bath volatility this is calculated 
to be 0.6 for a typical operating condition of 4% alumina and 87D 
calcium fluoride. The first 3 terms in the equation give the moles 
of NaAtF, per kilogram aluminum produced.  This is multiplied by 4 
(gm-atoms fluorine per mole NaAtF,) times the fraction of dimer 
times 18.998 (grams fluorine per gram atom). The Use of the factor 
0.6 to account for alumina and calcium fluoride content is obviously 
an approximation and has the disadvantage of not allowing the effect 
of varying these quantities on fluoride evolution to be investigated. 
While the measurements of Kuxmann and Tillesen are thorough, 
including a range of temperatures and cryolite ratios, they do not 
include measurements made at varying concentrations of alumina and 
20 
calcium fluoride. Vapor pressure data are available from Vajna and 
24 Bacchiega  which include these variations. However their data are 
not as comprehensive and unfortunately the two sets of data do not 
completely agree, preventing them from being combined into one cor- 
relation.  Therefore a separate correlation of Vajna and Bacchiega's 
measurements was derived using a multiple linear regression tech- 
nique.   Log vapor pressure was regressed against inverse 
temperature, the other terms being linear.  This was found to 
improve the correlation.  The resultant expression is: 
log1()P = (10.168-11105.8(^) - 0.03438 NAL203 - 0.03302 NCAF2 
-0.37494 CRATIO)   (r2 = .9575) 
This equation was then incorporated as an option in the model to 
investigate the effects of varying alumina and calcium fluoride 
concentration on fluoride evolution. 
Entrainment 
The second mechanism of fluoride evolution, the entrainment of 
particles of the bath, is more difficult to handle. As discussed 
in the introduction, estimates of bath entrainment vary from 7 to 
20 percent of total fluoride evolution depending upon the method of 
measurement used. Variations of entrainment with cell parameters can 
can be inferred from the variations in bath surface tension and gas 
evolution rate. However, since correlations between these factors 
and entrainment are not known and the application of a theoretical 
model would be complex and hazardous at best, the best approach at 
present is to estimate the fluoride evolution due to entrainment 
21 
for typical cell operation, and use this value in the model as a 
constant.  Less and Waddington's estimates, which appear to be the 
most reliable, show 19 percent of the emission attributable to en- 
trainment during normal cell operation. A figure for total fluoride 
evolution for typical cell conditions (cryolite ratio 2.4-3.0, 
temperature 1244-1249 K) is 21.4 grams per kilogram aluminum pro- 
14 duced,  which agrees well with a value predicted by Solntsev s 
3 
equation of 21 grams for a cryolite ratio of 2.8 and a temperature 
of 1248 K. Nineteen percent of this value is 4.1 g. fluoride per 
kg. aluminum which is taken as a constant for the range of cell 
parameters treated by the model. 
An alternative value can be derived using the estimation of 
entrainment from measurements of fume calcium content.  If entrain- 
Q 
ment is estimated as 7 percent of overall evolution this gives a 
value for the entrainment contribution of 1.5 g. fluoride per kg. 
aluminum produced. 
HF Generation 
Three possible mechanisms for HF generation are employed in the 
model, either separately or in some combination.  These mechanisms 
are: generation by hydrolysis of water from the potroom atmosphere, 
hydrolysis of water contained in the alumina feed to the cell, and 
reaction with hydrogen-containing impurities within the cell anodes 
which are released as the anodes are consumed. 
HF generation from reaction with potroom humidity is treated by 
considering the thermodynamics of possible fume-generating reactions 
between water and bath constituents. Table 3 lists the reactions 
22 
between water and the major constituents of the bath and the equili- 
brium constants of these reactions at 1250 K. Reactions to produce 
fluorine gas are also thermodynamically possible but were not in- 
eluded as their equilibrium constants are very low (less than 10 
at 1250 K25). 
TABLE 3 
25 Fume Generating Reactions and Equilibrium Constants at 1250 K 
Reaction K 
 1250 K 
I 2. NaFOL) + 2 H20(g) = 2 NaOHa) + 2 HF(g)       2.4 x 10~8 
II 2/3 Na3MF6(t) + H20(g) = 1/3 At^O^s) + 2 NaF(£) 
+ 2 HF(g)  2.7 x 10'3 
III 2/3 MF3(s) + H20(g) = 1/3 A^O^s) + 2 HF(g)      3.5 
In view of the large value for the equilibrium constant for Equation 
III, and the fact that cryolite baths are generally^ operated with an 
excess of aluminum fluoride,  it seems reasonable to use this re- 
action as a basis for calculating the equilibrium partial pressure 
of HF. 
First, the standard Gibbs free energy expression for the re- 
action as a function of temperature is calculated from thermodynamic 
26 data.   This gives the following expression: 
AG°  (Joules) = 130,130-14.38 T log1Q T - 87.89 T 
+ 3.27 x 10~3 T2 + 1.7 x 105/T 
writing the expression for the equilibrium constant yields: 
. .1/3 /B N2 
<-A G°/RT* _ (aAt,2Q3)   (FHF> 
\TL ~ e iT/T" (PH2C-> <VF,) 
23 
solving for partial pressure of HF, and rewriting with FORTRAN vari- 
able names gives: 
T^-,2  _ (AALF3)2/3 (PH20)  (-DGHYD/RT) 
- 1/3    e 
(AAL203) ' 
PH20 is obtained by dividing the atmospheric humidity by atmospheric 
pressure, 101325 Pa. (1 atm.).  The activity of alumina is obtained 
27 by curve fitting data from Vetyukov and Van Ban  which gives the 
equation: 
AAL203 = -3.4218 x 10"4   (NAL203)3 + 0.013506   (NAL203)2 
-0.031509   (NAL203)  + 6.1619 x  lO-3  (-2.0 CRATIO + 7.0) 
Similarly,  an expression for  the activity of AtF_  is  obtained  from 
28 Sterten and Homberg     : 
log1() AALF3 = 0.2551 (CRATIO)2 - 2.105 (CRATIO) + 0.6625 
From these relations is obtained the equilibrium partial pressure of 
HF.  This can be converted to fluoride evolution (g. fluorine per 
kg. aluminum produced) by multiplying by the anode gas evolution 
rate and the atomic weight of fluorine. 
The HF evolution due to anode hydrogen can be treated in two 
ways.  If kinetics are ignored and it is assumed that all hydrogen 
released by anode consumption subsequently reacts to form HF, then 
the expression for HF evolution is: 
WFHF = 18.998 (ACONS)(HCONTNT) ^1?°??i2^ L . UlD 
WFHF is the HF evolution (g. fluorine per kg. aluminum produced) 
18.998 is the atomic weight of fluorine, ACONS is anode consumption 
(kg. carbon per kg. aluminum produced), the factor 2 is 
24 
for the moles of HF generated per mole hydrogen gas,  and 2.016 is the 
molecular weight of hydrogen. 
The second approach is   to use Henry's data       to try  to estimate 
any kinetic effects  that may alter the above calculations.     These 
data are reproduced below: 
TABIE 4 
HF Evolution as a Function of Anode Hydrogen Content 
Anode Hydrogen             HF Evolution (g./kg.At) 
Content (wt%) Actual Theoretical 
0.01 1.7        0.7 
0.07 3.4        5.0 
From these data it is estimated that an increase of hydrogen 
content by 0.06 percent actually increased HF evolution by 1.7 grams 
per kilogram aluminum produced whereas the theoretical increase 
would be 4.3 grams per kilogram.  This gives a factor of 0.4 of the 
theoretical actually taking place.  This factor is then included in 
the expression previously derived for anode hydrogen. 
The final mechanism to consider is the evolution of HF due to 
moisture in the alumina feed.  In this model two different possibil- 
ities are considered to account for the fact that it does not appear 
that all of the"water present in the alumina when charged reacts to 
form HF immediately. The first is that the alumina dries out to 
approximately 0.1 weight percent water before entering the cell. 
The second is that due to reaction kinetics not presently understood 
only 5 percent of the water in the alumina reacts.  This is handled 
in the model by setting WCAD, the water content of alumina entering 
25 
the bath, at a maximum of 0.1 for the first case, and multiplying 
the water content of charged alumina, WCA, by 0.05 to get WCAD for 
the second case. 
In either case, the fluoride evolution due to water in alumina 
is then calculated as follows: 
WTHF ■ 18.998 * <ff™» ™fr * 2 
where WFHF is the fluoride evolution in grams fluorine per kilogram 
aluminum, 18.998 is the atomic weight of fluorine, 1888.89 is the 
alumina consumption in grams alumina per kilogram aluminum produced, 
18.015 is the molecular weight of water, and 100 is the conversion 
factor to convert WCAD from weight percent to weight fraction. 
Subroutine FL0RIDE can then be run with any combination of the 
fluoride evolution mechanisms that have been discussed in this sec- 
tion added together to give total fluoride evolution, which can then 
be compared to experimental results or empirical expressions. These 
runs were made using the following range of values of cell parame- 
ters. The second value given is the value used when the parameter 
is held constant. 
Temperature - 1210 to 1260 K; 1240 K. 
Cryolite Ratio - 2 A  to 2.9; 2.6. 
Water Content of Alumina - 0.1 to 2.0 wt%; 2.0 wt%. 
Anode Hydrogen Content - 0.0001 to 0.001 g. hydrogen/g. anode. 
0.007 g. hydrogen/g. anode 
Atmospheric Humidity - 300 to 1700 Pa; 1300 Pa 
Alumina Content - 2.0 to 7.0 wt7«,; 5.0 wt% 
CaF2 Content - 5.0 to 9.0 wt%; 6.0 wt% 
26 
The results of these runs are given and discussed in the next 
section of this report. 
27 
Results and Discussion 
Standard Model 
Upon running the fluoride model it was decided that it would be 
necessary to have a standard set of the various treatments of fluoride 
evolution mechanisms discussed in the Procedure. Then each option could 
be brought in individually and its effect noted. 
The choice was made to use those mechanisms that were most proven 
or were the simplest in the standard.  These included the following: 
Less and Waddington's figure for percent fluoride 
due to entrainment. 
Alumina dries to a constant 0.1 weight percent on 
top of cell as hypothesized by Grjotheim. 
All of the hydrogen present in the anodes reacts as 
the anode is consumed to form water (no kinetic factor). 
Atmospheric moisture is not a significant factor in 
hydrogen fluoride evolution. 
Use of the data of Kuxmann and Tillessen for vapor 
pressure above cryolite melts. 
The standard model was run varying temperature (1210 to 1260 K), cryo- 
lite ratio (2.4 to 2.9), and anode hydrogen content (0.0001 to 0.001 
weight fraction of hydrogen).  The other variables were set at the 
values given in the Procedure. 
Table 5 and Figure 1 show the effect of varying bath temperature. 
The model calculations are compared against the correlations of Alcoa 
(Haupin), Henry, and Solntsev.  Considering the broad range of data 
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Fluoride Evolution as a Function of Temperature 
Standard Model 
Refer to Table 5 for assumptions used. 
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~~1  
12.800X10 £ 
covered by the correlations, the model calculations appear to agree 
well as they fall well into the middle of the range.  In addition, the 
trend (slope of the line) of the model agrees well with the Solntsev 
line and fairly well with Haupin's line.  It can be concluded that the 
standard model effectively predicts the effect of bath temperature 
over the range considered. 
The effect of varying cryolite ratio is shown in Table 6 and Fig- 
ure 2, again comparing the model predictions with the curves of Haupin, 
Henry, and Solntsev. Again, the model curve falls within the range of 
the experimental correlations.  The trend of the model results do not 
agree as well this time with the correlations, especially with that of 
Henry.  This is especially significant since the trends of the three 
correlations are in agreement.  The conclusion is that the standard 
model is only fair at predicting the effect of changes in.cryolite 
ratio. 
The effect of varying anode hydrogen content is given on pages 
56 through 59, along with the results for the modified version of the 
model using a kinetic factor for anode hydrogen. Discussion of these 
data is included with the discussion of the anode hydrogen mechanism 
later in this section. 
Vaporization Options 
The only variation considered on the vaporization mechanism was 
the substitution of an expression to calculate vapor pressure of NaAtF. 
24 
using the data of Vajna and Bacchiega  rather than that of Kuxmann 
19 
and Tillessen.   As stated in the Procedure, the purpose of this 
change is to investigate the variation of fluoride evolution with 
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alumina and calcium fluoride content and to compare the effects of 
two differing sets of vapor pressure data. 
Using this variation, fluoride evolution was calculated as a 
function of temperature, cryolite ratio, alumina content, and calcium 
fluoride content.  The results of varying temperature are shown in 
Table 7 and Figure 3 along with the regression curves from the data of 
Solntsev, Henry, and Haupin of Alcoa.  It can be seen that the model 
calculations in this case fall at the lower end of the range predicted 
by the correlations.  Only Haupin's data falls within the same range. 
The trend of the model curve agrees with Solntsev's data but not with 
the other two curves.  In contrast the standard model (Figure 1) fits 
in the middle of the range of data, and its slope is closer to the 
average of the three curves.  From these observations it can be con- 
cluded that use of Vajna and Bacchiega's data results in a poorer 
prediction of the effect of varying bath temperature. 
For cryolite ratio (Table 8 and Figure 4) the results are simi- 
lar. The model curve predicts a lower range of values and a much 
different slope which does not correlate as well with the data curves 
as the standard model (Figure 2). Again it can be concluded that use 
of Vajna and Bacchiega's vapor pressure values do not produce as good 
a correlation as using the data of Kuxmann and Tillessen when cryolite 
ratio is varied. Fluoride evolution as a function of alumina content 
for the option using Vajna and Bacchiega's data is shown in Table 9 
and Figure 5.  The correlations of Henry and Haupin are included for 
comparison;  The model prediction falls within the range of Haupin's 
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Figure 3 
Fluoride Evolution as a Function of Temperature 
Using Vapor Pressure Data of Vajna and Bacchiega 
Refer to Table 7 for assumptions used. 
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Fluoride Evolution as a Function of Cryolite Ratio 
Using Vapor Pressure Data of Vajna and Bacchiega 
Refer to Table 8 for the assumptions used. 
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Figure 5 
Fluoride Evolution as a Function of Bath Alumina Content 
Using Vapor Pressure Data of Vajna and Bacchiega 
Refer to Table 9 for assumptions used. 
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data but well below that of Henry.  The rate of change of the model 
curve is much less than that of either experimental correlation. From 
this it can be concluded that the model using Vajna and Bacchiega's 
data is only fair at best in predicting the effect of varying alumina 
content. 
In Table 10 the effect of varying calcium fluoride content is 
shown.  In this case no experimental data are available for comparison 
so no conclusions can be drawn as to the effectiveness of the model in 
predicting this behavior, but the model results are included in case 
these data become available in the future.  In any case, it can be ob- 
served that the effects of varying CaF- appear to be very slight. 
In summary, it would appear that the use of Vajna and Bacchiega's 
vapor pressure data results in a model that predicts the effect of 
temperature and cryolite ratio less well than using Kuxmann and Tilles- 
sen's data, and that gives only a fair prediction of the effect of 
varying alumina content.  In spite of the fact that they lack data on 
the effect of varying alumina and calcium fluoride content, the results 
of Kuxmann and Tillessen's work appear to be the optimum of the two 
sets of vapor pressure data for inclusion in this model. 
Entrainment Options 
The only variation considered of the entrainment mechanism was the 
use of a number for fluoride fume entrained based on the percentage 
reported by Haupin. As previously noted, the standard model used the 
percentage given by Less and Waddington. 
Using this variation, fluoride evolution was calculated as a 
function of temperature and cryolite ratio. The other cell parameters 
41 
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were set at the values given in the Procedure. 
The results of the model, along with the curves of Haupin, Henry, 
and Solntsev, are given in Table 11 and Figure 6. The range of the 
model predictions appears to be toward the lower end of the range of 
experimental values.  Compared to the values calculated by the stand- 
ard model (Figure 1) this variation gives results that correlate 
slightly better with Haupin's data but not as well with the other two 
curves.  The trends in both cases are the same.  The results for cryo- 
lite ratio (Table 12 and Figure 7) show similar effects, with the model 
line correlating better with Haupin's regression.  In both cases (tem- 
perature and cryolite ratio) the difference between the variation using 
Haupin's figure for entrainment and the standard model is slight re- 
flecting the relatively smaller contribution of entrainment, the fact 
that entrainment is taken to be constant in this model, and the large 
variation in experimental results implied by the differences between 
the correlations used for comparison.  Therefore no conclusions can be 
drawn here as to which figure for entrainment is more effective for 
use within the model. 
HF Generation Options 
HF Generation from Potroom Humidity 
2 14 25 
As noted in the introduction, several workers '  '  have 
proposed that moisture in the potroom atmosphere could be a signifi- 
cant source of water for HF generation. To test this hypothesis, the 
model was run with only the atmospheric moisture mechanism operative. 
Fluoride evolution was determined as a function of temperature, cryo- 
lite ratio, and atmospheric humidity. The results of varying tempera- 
43 
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Figure 6 
Fluoride Evolution as a Function of Temperature 
Using Entrainment Derived from Haupin's Work 
Refer to Table 11 for assumptions used. 
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Figure 7 
Fluoride Evolution as a Function of Cryolite Ratio 
Using Entrainment Derived from Haupin's Work 
Refer to Table 12 for the assumptions used. 
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ture are shown in Table 13 and Figure 8 and the results of varying 
cryolite ratio are shown in Table 14 and Figure 9.  In both cases, the 
range of values predicted by the model is outside that given by the 
experimental curves and range from 20 to 100 percent greater.  The 
slopes of the lines correlate well except for Solntsev's line when 
temperature is varied.  It would appear that the model using this 
mechanism for HF evolution gives good predictions of the trends in 
total fluoride evolution as a function of bath temperature and cryolite 
ratio. However, it is not very effective at predicting the value of 
total fluoride evolution to be expected. 
Fluoride evolution as a function of atmospheric humidity was 
also calculated.  These results are shown in Table 15 and Figure 10 
along with the calculated values from Haupin's regression equation 
and some values derived from calculations by Cochran, Sleppy, and 
25 
Frank.   The points labeled Cochran are calculated using their HF 
data, combined with vaporization and entrainment data from FLQRIDE. 
The fluoride model gives results that considerably exceed the data of 
Haupin.  In addition, the slope of the line is much greater.  The 
model calculations also differ from those derived from Cochran, Sleepy, 
and Frank. This would seem to indicate that although there is a vari- 
ation of fluoride evolution with potroom humidity, it is not as signif- 
icant as this version of the model predicts using the method for cal- 
culating HF vapor pressure described in the procedure.  If the method 
described by Cochran, Sleppy, and Frank had been used, the results 
would undoubtedly be closer to the results of Haupin's regression 
equation. 
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Figure 8 
Fluoride Evolution as a Function of Temperature 
Using Atmospheric Humidity Mechanism 
Refer to Table 13 for assumptions used. 
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Fluoride Evolution as a Function of Cryolite Ratio 
Using Atmospheric Humidity Mechanism 
Refer to Table 14 for assumptions used. 
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Fluoride Evolution as a Function of Atmospheric Humidity 
Using Atmospheric Humidity Mechanism 
Refer to Table 15 for assumptions used. 
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The reason for the different results appears to be ctue to 
use of different reaction equations and thermodynamic data. Although 
it would seem at first that calculations, even though based on dif- 
ferent reaction equilibria, should yield similar results, it should 
be considered that small differences in thermodynamic data can cause 
differences of an order of magnitude or more in the calculated partial 
pressures.  This is due to the fact that the equilibrium constant is 
an exponential function of free energy. For example the Gibbs free 
energy at 1250 K for the reaction: 
| AtF3(s) + H20(g) = | At203(s) + 2 HF(g) 
is calculated as -7046 cal./mole using the data of Kubaschewski, 
26 
Evans, and Alcock  (as used in the fluoride model) while values in- 
29 
terpolated from JANAF tables  give a value of -12,328 cal./mole. 
This yields equilibrium constants of 17.1 and 143.1 respectively. 
Cochran, Sleppy, and Frank list a value of 3.5 calculated from the 
then current (1970) JANAF tables.  It turns out that these differ- 
ences are reasonable when the experimental error in the free energy 
values are considered.  Therefore a difference of an order of magni- 
tude can exist in the partial pressure of HF value, the error depend- 
ing upon the thermochemical data used. Unfortunately, Cochran, 
Sleppy, and Frank do not list the source of their data, including the 
activity data for At-0_ and NaAtF,, which they use to derive their 
values of HF partial pressure.  If these sources were available, the 
differences could be further pinpointed. 
In sunmary, usgj of the potroom moisture mechanism of HF 
evolution as the sole HF generation mechanism as included in FLORIDE 
appears to be effective only in predicting trends in total fluoride 
evolution as a function of temperature and cryolite ratio. The model 
using this variation predicts total fluoride values that are much too 
high. 
HF Generation from Anode Hydrogen 
The mechanism for HF evolution through hydrolysis by water 
from anode hydrogen can be treated either by only considering the 
release rate of hydrogen from the anodes or optimally considering a 
kinetic factor attributable to some rate controlling step within the 
subsequent reactions. Fluoride evolution as a function of anode 
hydrogen content is presented in Table 16 using the former treatment 
and Table 17 using the latter treatment with kinetic factor. Both 
results are included in Figure 11 along with the experimental regres- 
sion line of Haupin.  The results show that the model version with 
kinetic factor is much more effective at predicting the effect of 
varying hydrogen content. The increase in evolution with increasing 
hydrogen content exceeds slightly that shown by Haupin's curve, in- 
dicating that the kinetic factor is slightly lower than 0.4. However, 
the data certainly justifies a consideration of kinetics instead of 
the assumption that no kinetic factor exists. 
HF Generation from Alumina Moisture 
To examine the hypothesis that there is a significant vari- 
ation of HF evolution with alumina water content, fluoride evolution 
was calculated as a function of alumina water content using the model 
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Figure 11 
Fluoride Evolution as a Function of Anode Hydrogen Content 
Figure includes the standard model and the option using a kinetic factor 
for the anode hydrogen reaction • 
Refer to Tables 16 and 17 for the assumptions used. 
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and the regression equations of Henry and Haupin.  The results are 
shown in Table 18 and Figure 12. For comparison, it might be noted 
that the standard model, assuming a constant reaction to the extent 
of 0.1 weight percent no matter what the water content, would give a 
figure for total fluoride evolution of 20 grams/kilogram aluminum 
produced. 
The model correlates well with the experimental curve of 
Henry.  This is as expected, since these data were the source of the 
5 percent factor. However, the model also correlates well with 
Haupin's curve, especially with regard to trend. This is not con- 
clusive proof since it is possible that there is enough scatter in 
the data Haupin used to justify even the assumption of a constant 
value of 0.1 weight percent for alumina moisture. Even so, the fact 
that a correlation of some sort does exist which nearly matches the 
assumption of 5% moisture reacting does tend to support this hypothe- 
sis . 
This does seem reasonable when the moisture loss of alumina 
upon heating is considered. Normal temperature on the cell crust for 
14 
a prebake cell is 703 - 823 K.   In this temperature range Henry 
estimates that alumina (normally about 2% water as received) would 
dry to 0.2 to 0.5% water. These values agree with water contents 
25 
calculated from Cochran, Sleppy and Frank's  data on weight loss of 
alumina recovered from cell fumes, after correction for HF loss. 
These data are reproduced in Table 19 . 
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Figure 12 
Fluoride Evolution as a Function of Alumina Water Content 
Using Assumption that 5 Percent of Alumina Moisture Reacts. 
Refer to Table 18 for Other Assumptions Used. 
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TABIE 19 
Calculated Water Content of Alumina Containing 
25 2% Moisture (by weight) after Heating lhour. 
Temp. K Water Content,Wt.% 
298 2.0 
473 1.2 
573 0.9 
673 0.8 
773 0.6 
873 0.3 
973 0.05 
These data and the experiments of Henry would seem to 
indicate that the temperature required to achieve 0.1% water as sug- 
gested by Grjotheim would be at least 150 K higher than that normally 
present on the crust, about equal to the temperature Henry used to 
calcine ore for his experiment.  Therefore it is reasonable to expect 
that the alumina would have a higher water content when it enters the 
cell.  Since, as pointed out by Henry, reaction of 0.2 to 0.5% water 
to produce HF would result in a value for this fume that would greatly 
exceed measured values, this gives additional support to the hypoth- 
esis that some kinetics is involved. 
In summary, the use of the optional treatment of alumina 
moisture assuming that 5% of the moisture reacts appears to be the 
more justifiable, both from the results of the model as well as con- 
sideration of the expected water content of alumina under normal cell 
conditions, than the standard model assumption. 
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Items for Future Work 
Vaporization 
It is apparent that due to the disagreement between the two sets 
of vapor pressure data used in this model, further work is needed to 
identify an optimum correlation for vapor pressure of the bath as a 
function of temperature and composition. 
During the course of this investigation, other sets of vapor 
20 pressure data were investigated.  The data of Rolin and Houriez, 
21 22 Mesrobian, Rolin, and Pham,  and Gerlach, Hennig, and Mucke  appear 
to agree fairly well with Kuxmann and Tillessen's data, but do not 
cover the composition range of Vajna and Bacchiega's data, especially 
the effect of calcium fluoride additions.  These encompass the readily 
available measurements that have heen made within the last fifteen 
years. 
In summary, if consistent data that both correlated well with 
other measurements and included the effects of varying alumina and 
calcium fluoride content were available, this would allow more accurate 
and comprehensive modelling of fluoride evolution due to vaporization 
of bath. 
Entrainment 
It is evident that the assumption made in the Procedure of a 
constant value for entrainment is at best an approximation, although 
the error involved may not be great if entrainment accounts for only 
6 percent of fluoride evolution as indicated by Haupin's data.  On the 
other hand a theoretical treatment of entrainment, taking into account 
64 
varying bubble and drop size, turbulence in the bath, cell crust open- 
ings, air velocity, etc. would be nearly impossible without making 
i 
gross simplifications.  Probably the best way to model this aspect of 
fluoride evolution is empirically by making extensive measurements of 
entrained fume as a function of bath temperature, cryolite ratio, and 
bath composition.  One way to make these measurements might be to 
measure calcium content in the fume.  Since the principal calcium con- 
taining species in the cell are essentially nonvolatile, calcium 
present in the fume can be assumed to be due to entrainment, and there- 
fore the entrained fluoride would be proportional to the measured 
calcium content. 
HF Evolution 
1 
Atmospheric Humidity Mechanism 
The results of using this mechanism in the fluoride model 
would seem to indicate that although water in the potroom atmosphere 
does react to foam HF, the reaction does not go to completion due to 
kinetic considerations. This possibility seems likely because there 
seem to be kinetic considerations involved in the reactions of the 
other two sources of water (anode hydrogen and alumina moisture), and 
it is possible that some of the same reaction mechanisms for water and 
fluorides forming HF are operative. For further work in this area, a 
study of the kinetics of the water-fluoride species reactions and of 
the transport mechanisms involved in introducing water from the atmos- 
phere into the cell would allow a model of HF evolution due to hydrol- 
ysis of atmospheric moisture to be constructed that would correlate 
better with experimental findings. 
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With regard to experimental measurements, the experimental 
correlation of Haupin used for comparison is only a linear regression 
of data which shows a fair amount of scatter as mentioned in the in- 
14 
troduction. Henry s data on the effect of humidity  also shows a 
great deal of scatter and little correlation possible, although in 
this case the range of humidities investigated was not great. Also, 
these measurements were made by analysis of scrubber brine from a con- 
tinuous fume collection system rather than by directly sampling un- 
burned fumes from the crust.  Therefore secondary reactions had an 
opportunity to occur which would increase the amount of HF available 
through hydrolysis of aluminum fluoride, chiolite, and NaAtF, in the 
particulate fume. 
Therefore, further measurements of HF content of unburned 
cell fumes as a function of humidity would be helpful in verifying 
the results of any further modelling of this mechanism. 
Anode Hydrogen Mechanism 
As previously discussed, there is definite indication that 
reaction kinetics need to be included in the model to obtain an opti- 
mum correlation with experimental results.  The option used in the 
model assumed a constant factor of 0.4, that being the best available 
assumption with the limited data available. However, the assumption 
of a constant value here is most likely an oversimplification since 
elementary reaction kinetics suggests that the rate of HF formation 
will be a function of the rate constants for the reactions (and at 
least 2 reactions are probably involved here) which are, in turn, 
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usually exponential functions of temperature, and the concentrations 
of the reactant and product species. However, further refinement of 
this portion of the model to include reaction kinetics would be dif- 
ficult to verify with the experimental data correlations used here. 
There are two approaches that could be used to quantify the 
kinetics.  One would be a theoretical approach involving experimental 
determinations of reaction rates and an analysis of the reaction steps 
involved.  The other, and probably the most practical, would be to 
make extensive experimental measurements of HF evolution as a function 
of anode hydrogen content,^ perhaps using experimental cells for better 
control of cell parameters. The data could then be empirically fitted 
to a polynomial curve that would then be substituted into the model for 
the existing expression for HF evolution due to anode hydrogen. 
Alumina Moisture Mechanism 
The model results and comparison with the experimental corre- 
lations appear to justify the hypothesis that only about 5 percent of 
the moisture in the alumina after drying on top of the crust reacts to 
form HF. Henry's data indicate that this factor is relatively con- 
stant for varying alumina water contents. However, as noted in the 
discussion of the kinetic factor for anode hydrogen, this factor is 
also unlikely to be constant.  Unfortunately, the data from Henry's 
measurements have too much scatter and too few points to allow a 
statistically valid correlation to be generated.  Therefore the recom- 
mendations discussed for the anode hydrogen mechanism would also apply 
here—either an investigation of the kinetics or further empirical 
measurements.  One point to be considered with respect to the kinetics 
67 
is that the final reactions with water to produce HF may be the same 
for all 3 mechanisms. Therefore a model for the kinetics of this 
phase of the mechanism may be applicable to all three. However, 
further investigation would be necessary to determine if this is the 
case. 
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Conclusions 
1. The optimum correlation between the predictions of the fluoride 
■i 
model and the linear regression equations of experimental data on 
fluoride evolution occurred using the following model options: 
a) Bath vapor pressure data of Kuxmann and Tillessen 
when temperature and cryolite ratio were varied. 
b) Assumption of a kinetic factor for the anode hydrogen 
mechanism of HF generation. 
c) Assumption that alumina moisture reacts to the extent 
of about 57o of its concentration when on the crust. 
2. No conclusion could be drawn as to whether the use of the entrain- 
ment value calculated from Haupin's or Less and Waddington's 
measurements produced the better results. 
3. Use of the mechanism for HF generation from potroom atmospheric 
humidity gave results that indicated this mechanism was signifi- 
cant, but that the reaction did not go to equilibrium, and 
therefore a simple thermodynamic model of the mechanism is in- 
sufficient. 
4. A correlation between predicted fluoride evolution and alumina 
and calcium fluoride content was possible by using the vapor 
pressure data of Vajna and Bacchiega. However, using this 
option, the model did not correlate well with experimental 
curves when alumina content, temperature, and cryolite ratio 
were varied. 
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5.  Items for future work that would lead to improvements in the 
model include: 
a) An improved correlation between bath vapor pressure and 
composition. 
b) A measurement of entrained fume as a function of cell 
temperature and composition. 
c) An investigation of the kinetics of HF producing cell 
reactions or measurements of HF evolution as a function 
of atmospheric humidity, anode hydrogen, and alumina 
moisture content. 
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Symbol 
A 
AALF3 
AAL203 
ACONS 
AE 
B 
CE 
CRATIO 
DGHYD 
FDIMER 
FK 
FVP 
HCONTNT 
II 
10 
IRUN 
KHYD 
KVAPR 
MSW 
NAL203 
NANGAS 
APPENDIX 1 - List of Symbols 
Definition 
Kuxmann and Tillessen vapor pressure 
coefficients 
Raoultian activity of AtF~ 
Raoultian activity of At_0_ 
Anode consumption 
Anode effect flag (l=Anode Effect) 
Kuxmann and Tillessen vapor pressure 
coefficients 
Units 
none 
none 
none 
kg anode/kg At, 
none 
none 
Current efficiency 
Cryolite ratio 
Standard Gibbs Free Energy of 
hydrolysis reaction 
Fraction of dimer in vapor 
Kinetic factor for anode hydrogen 
Vapor pressure factor 
Anode hydrogen content 
Input device logical unit number 
Output device logical unit number 
Flag to set switches on first run 
Equilibrium constant for hydrolysis 
amperes/ampere 
moles NaFAaoles AtF_ 
joules 
none 
none 
none 
g. hydr ogen /g. carb on 
none 
*4fone 
none 
none 
Equilibrium constant for vaporization 
of electrolyte 
Option switch matrix 
At«0„ concentration in bath 
Moles anode gas 
none 
none 
weight percent 
moles gas/kg. At 
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NCAF2 CaFx concentration in bath 
NH20H ; Moisture due to anode hydrogen 
NH20W >     Moisture due to alumina feed 
NLIF LiF concentration in bath 
NMGF2 MgF„ concentration ii bath 
PAH Atmospheric humidity 
PHF Partial pressure of HF 
FH20 Partial pressure of water vapor 
PTOTAL Atmospheric pressure 
PVAPR Vapor pressure above cryolite bath 
R Gas constant 
T Bath temperature 
TR Ore feeding flag (l=feeding) 
VB Intermediate calculation 
WCA Water content of alumina 
WCAD      Water content of alumina after 
drying 
WF       Total fluoride evolution predicted 
by model 
WFALC     Fluoride evolution predicted by 
Haupin's equation 
WFENTR    Fluoride evolution in model due to 
entrainment 
WFHEN     Fluoride evolution predicted by 
Haupin's regression of Henry's data 
WFHF      Fluoride evolution in model due to 
HF generation 
WFSOL     Fluoride evolution predicted by 
Solntsev's equation 
weight percent 
moles H20/kg. At 
moles H_0/kg. At, 
weight percent 
weight percent 
pascals 
none 
none 
pascals 
atmospheres 
joule/mole- K 
kelvin 
none 
weight percent 
weight percent 
g. F7kg. At 
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WFVAPR    Fluoride evolution in model g.F./kg. At 
due to bath vaporization 
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APPENDIX 2 - Source Listing of 
Fluoride Evolution Model   'FLORIDE' 
SUBROUTINE FLORIDE   (CRATIO,NANGAS,AC0NS,NAL203, 
1     NCAF2,NMGF2,NLIF,T,PAH,HCONTNT,CE,WCA) 
Clll SUBROUTINE   *FLORIDE#   CALCULATES THE   FLUORIDE 
C... EVOLUTION  FROM  THE   CELL. 
C.. • 
dll     w      DECLARATIONS 
REAL NANGAS,NAL203,KHYD,KVAPR 
REAL NCAF2,NMGF2,NLIF,NH2 0,NH20H,NH20W,NHF 
DIMENSION MSW(5) 
C 
dll INITIALIZE   VARIABLES 
DATA   11,10,IP  /  5,6*7   / 
DATA   R.PTOTAL   /   8.31<»<M   101325.0   / 
DATA   IRUN  /  0   / 
WRITE    CIO,100) 
100   FORMAT    C3/,2X,10(1H.).18HFLUORIOE   EVOLUTION, 
1        20H   (GM/KG   AL   PROOUCEO)   ,70(1H.),2/) 
WRITE   (IO,10<f)   T,PAH,HCONTNT,WCA 
1QI*  FORMAT    (5X,2HT=,F6.0,2X,l«iHHUMIDITY   CPAJ=   ,F8.1, 
1 2X,10HH CONTENT=   ,F8.<»,2X, 1*»HWATER  CONTENT=   , 
2 F6.2,1/1 
IF CIRUN.EQ.i) GO TO 5 
READ (11,200) (MSWCI),1=1,51 
200 FORMAT (5(11,IX)) 
WRITE   (10,105)    (MSW(I),I~1,5) 
105   FORMAT   C5X,11HSWITCHES   -     ,5(11,1X1) 
5  CONTINUE 
IRUN=1 
Cl'.\ BEGIN CALCULATIONS 
C*.ll CALCULATE FLUORIOE OUE TO HF GENERATION 
C 
Cm CALCULATE WATER FROM ALUMINA FEEO 
NH2OH=0. 
IF (MSH(l).EQ.l) GO TO 11 
IF (MSW(l).EQ.2) GO TO 12 
GO TO U 
11 WCAD=0.Q5*WCA 
GO TO 13 12 WCAO=WCA 
IF (WCA.GT.0.1) WCA0=4).l 
13 NH2OH=18.8889*WCAD/18.015 
C'.'.'. CALCULATE   WATER  FROM  ANODE  HYDROGEN 
1«»   FK-0. 
IF (MSW(2).EQ.l) FK=1.Q 
IF (HSH(2) .EQ.2) FK-0.l» 
NH20H=AC0NS»HC0NTNT*FK»10 00./2.016 
dll CALCULATE   HF   PARTIAL   PRESSURE C... DUE  TO   HUMIDITY 
PHF=0. 
IF   (MSW(3).EQ.0)   GO  TO  19 
PH20=PAH/PT0TAL __    . 
AAL203= <-3.«18E-W»NAL203»*3*0. 0l3506»NAL2O3**2 
1        -0.031509»NAL203+6.1619E-3)*f-2.0»CRATIO*7.) 
AALF3=10.»*C0.2551»CC£ATIO»»2)-2.10 5*CRATIO 
1        ♦0*6625) 
DGHYD=130130.-l«f.38»T*ALOG10(T)-87.89»T*3.27E-3 
1        *TM*1.7£5/T 
KHYD=£XP(-DGHYD/(R»T) ) 
PHF=SQRT(AALF3»»(2./3.)»   PH20*KHYO/AAL203 
1        *»(l./3.)) 
Clll CALCULATE   TOTAL   HF  EVOLUTION 
19  WFHFfl8.998*(PHF»NANGAS+2.*(NH20W*NH20H)) 
dll CALCULATE   FLUORIDE   DUE   TO  VAPORIZATION 
WFVAPRsO. 
IF. IMSW((»).EQ.l) GO TO 21 
IF (MSWU) .EQ.2) GO TO 22 
60  TO   29 
21 FVP*0.6 
A=950.86*CRATIO*7537.V 
B=0.2197«**CRATIO+8. QQ99 
PVAPR=(10.*M-A/T + B))/760. 
GO  TO   28 
22 FVP=1.0 
VB=10. 168-11105.8*11./IT) )-Q.03«»38»NAL203-Q.03302 
1        ♦NCAF2-0.37**9»»*CRATIO 
PVAPR=(10.»»VB)/76Q. 
28 KVAPR=10.»»(93QO./T-5.9) 
FOIMER=(2.»KVAPR»PVAPR+l.-SQRT(«».»KVAPR»PVAPR 
1        *1.Q))/(2.Q»KVAPR*PVAPR) 
MFVAPR=FVP*PVAPR»NANGAS*(1.*F0IMER)»75.99 
dll CALCULATE   FLUORIDE   DUE   TO  ENTRAINMENT 
29 CONTINUE 
WFENTR=0. 
IF   (MSW(5).EQ.l)    WFENTR=3.«» 
IF   (J1SW(5) .EQ.2)   WFENTR=1.5 
Clll CALCULATE   TOTAL  FLUORIDE   EVOLUION 
HF=WFVAPR+WFENTR+WFHF 
dll CALCULATE   VALUE   PREDICTED  FROM  SOLNTSEV 
HFSOL=279./fCRATIO*»2)*0. Q«»7»(T-273.)-61. 
ell'. CALCULATE   PREDICTED   VALUE  FROM   ALCOA  FORMULA 
AE=0.0 
TR=0.0 
HFALC=-156.5-27.0»CRATIO*0.2M»»(T-273.1*0.00377 
1 *PAH*3.62»WCA-1.29*NAL203*13.5»AE*2.6»TR+960.0 
2 ♦HCONTNT 
C 
dV. CALCULATE  VALUE  PREDICTED  FROM  HENRY 
HFHEN = C-V2518.+929.»CRATI0-25i».5*CRATI0»»2-«»1.0 3 
1 ♦NAt203+0.91i»»NAL203*»2+25.18MT-273.16) + 
2 1. 7<»*iE7/(T-273.16) )»(<».71/(CE*1QQ.))*2.»WCA 
C. 
WRITE   (10,102) 
102  FORMAT    t7X,5HVAP0R,7X17HENTRAIN,7X,&HHF  GEN.7X. 
1        5HT0TAL,7X,7HS0L   EQN,&X,5HALC0A,8X,5HHENRY.l/) 
WRITE   (10,103)   WFVAPR,WFENTR,WFHF,WF,WFSOL,WFALC 
1        ,HFHEN 
10 3  FORMAT    (7(5X,F7.3,1X)) 
RETURN 
EMB
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time he studied for and obtained the degree of Master of Business 
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co, in August 1975.  In October of 1975, he separated from the Air 
Force with the rank of Captain. 
From January 1976 to the present Mr. Dandridge has been enrolled 
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